The polymer translocation across membranes is studied as a stochastic process over a free energy barrier, where the mean first passage time is examined analytically as a measure of translocation rate. The nonequilibrium fluctuations of chemical potential difference enhance directed transport of polymers, giving rise to a resonant activation. The translocation time of a long-chain polymer is found to be very sensitive not only to the average value of chemical potential difference but also to its fluctuation.
Introduction
The biological systems described as soft matter in mesoscopic level manifest, in contrast to hard (condensed) matter, a number of characteristics, their complexity, flexibility and fluctuations. Due to these, there arise at physiological temperatures a variety of conformational and dynamic transitions, which seem to be essential for biological functions. Here we investigate the stochastic dynamics of polymer translocation through a membrane, where the fluctuations in mesoscopic level play significant roles.
Chainlike macromolecules such as some genetic materials, proteins and drugs are to be delivered from a compartment of the cell to the other targeted places. Diversely named as drug delivery or release, gene transfer, and protein or RNA translocation, according to the types of molecules transported, there appear a few common principles in targeting and biasing these macromolecules [Schatz & Dobberstein, 1996] . Lot of the translocating proteins carries an NH 2 -terminal signal for its recognition by receptors on the target membrane, which forms a channel as an import pathway. Concerning the driving and biasing mechanisms of proteins, however, there still exist controversies. Assuming chaperone binding on chain to rectify the translocation by prohibiting the backward diffusion of translocated binding sites, called Brownian ratchet (BR), Simon et al. [1992] studied a one-dimensional diffusion model to analyze translocation time as a function of chaperone activity. Recently, we investigated the more ubiquitous kind of biasing mechanism, i.e. the transmembrane chemical potential asymmetry [Sung & Park, 1996] .
Our stochastic model of polymer translocation and its predictions are summarized in Sec. 2. In Sec. 3, we consider the fluctuations of chemical potential asymmetry and examine the possibility of the fluctuation-induced resonant activation specific to the long chain polymer. The conclusion is given in Sec. 4.
Model and Formulation of the Problem
Since the protein translocation is a highly complex process, a coarse-grained description is necessary not only for simplicity but also for its relevance on the long-time scales in which we are interested. As a minimal model to study the driving mechanism, we consider a steric rigid wall with a small gate through which an ideal polymer reptates under a hydrodynamic friction from the background fluid medium. The basic parameters in this model are the chain contour length, chemical potential difference per segment between the two sides of the membrane, and the number of chaperone binding sites along the contour of the polymer. We assume the steric interaction of polymer segments with the membrane, resulting from the impermeability of polymer segments at the membrane surface except through apo r e .
To quantify the degree of translocation, we introduce the translocation coordinate n defined as the number of translocated segments. When the n segments are translocated to the trans side, N − n segments remain in the cis side for the polymer of total N segments. For the chain conformational property, the polymer during its translocation can be thought of as two independent end anchored chains of length n and N − n bounded by an infinite surface, respectively. Considering the steric constraint due to the membrane, we calculated the conformational entropy of two ideal polymers in cis and trans sides [Sung & Park, 1996] . The free energy during the translocation is then given in terms of translocation coordinate n as
where ∆µ is the excess chemical potential per segment in the trans side. Assuming the slow dynamics for the translocation coordinate n,w ec a nt r e a ti t as a diffusive process with the Rouse friction of the whole chains given by the Langevin equation with the free energy function in Eq. (1):
Here b is the segmental length of the polymer, and ξ(t) is the Gaussian white noise characterized by
We can define the mean first passage time (MFPT) for the stochastic process from the coordinate n 0 to n, which satisfies [Risken, 1984] τ (n, n 0 )=−1.
Here, is the backward Fokker-Planck operator
where the D = k B T/Γ is the chain diffusion coefficient. Considering the Rouse dynamics, it is given by [Doi & Edwards, 1986 ]
where γ is the friction coefficient of a segment. We use the absorbing and reflecting boundary conditions (BCs) at n =1a n dn=N−1, respectively. Under these BCs, the polymer translocation time, defined by τ ≡ τ (N − 1, 1) is integrated to be n ) . (8) If we consider the rigid chain translocation with ∆µ = 0, Eq. (8) is reduced to the one-dimensional diffusion time over the chain contour length
where we can see that the translocation time is proportional to L 3 , because the chain diffusion coefficient is proportional to L − 1 . Incorporating the chain flexibility, which gives rise to an entropic free energy barrier of height (log N ) in unit of k B T , the translocation time becomes
with the prefactor of π 2 /8, therefore, indicating the effect of chain flexibility. Since the chemical potential term dominates the free energy function for the long polymer, its effect is important even when the magnitude is small. The translocation time can be written as
where the function Q(µ * ) depends only on the scaling variable µ * ≡ Nβ∆µ. From the curve of Q(µ * ) shown in Fig. 1 , we see the two distinct behaviors according to the sign of µ * . If the chemical potential in the trans side is lower than that in the cis side,i.e.∆µ<0 (B in Fig. 1 
/8r e p r e s e n t i n go n l y the chain flexibility effect.
for µ * ≪− 1, and the translocation time scales as τ ∼ L 2 /|∆µ|. Note here that the length scaling behavior can also be changed by varying N or L, because the scaling function depends only on µ * ; τ ∼ L 3 holds for N<k B T/|∆µ|,a n dτ∼L 2 holds for N>k B T/|∆µ|. For positive values of ∆µ (A in Fig. 1 ), the translocation is significantly delayed since the free energy barrier increases linearly with ∆µ. On the other hand, for large fixed N ,thechemical potential difference only with a minute magnitude, is found to modulate the dramatic change in translocation time, which is a cooperative effect arising from the long-chain nature of translocating polymer [Sung & Park, 1996] . Now, let us focus upon the effect of chaperone binding as a BR mechanism. We assume here that the chaperone molecules are located only in the trans side, and their bindings are instantaneous and irreversible. It is also assumed that the distances between the binding sites are fixed as δ and there are M = L/δ binding sites distributed uniformly over the contour of the translocating polymer. With this simplifying view, the translocation dynamics is reduced to a consecutive unidirectional diffusion within the interval of chaperone binding sites with the boundary conditions that are reflecting and absorbing at left and right edges of each interval. The translocation time can then be written as
where Ω(µ * ,M) includes the effects of chemical potential difference and rectification due to chaperone binding. If there are small number of binding sites such that M<| µ * | , the scaling function behaves in accordance with the sign of ∆µ (Fig. 2) . For the case of reverse chemical potential bias (∆µ>0), the ratchets accelerate the translocation more effectively than the case when ∆µ 0. The forward bias (∆µ<0) does not affect the translocation significantly. On the other hand, large enough values of M (> |µ * |) makes the translocation time scale as τ ∼ M − 1 as in the case of ∆µ = 0. This result implies that the ratchet makes the translocation rate of polymer insensitive to ∆µ, irrespective of its sign, and as well, to the entropic barrier arising from the chain flexibility.
Effects of Fluctuating Chemical Potential
Since the membrane environment fluctuates ceaselessly in cellular fluid density, ionic strength, temperature, etc., the chemical potential of each monomer will be modulated in a random fashion. The fluctuating driving force in the translocation process due to the chemical potential asymmetry can have wide range of characteristic times from small molecule to macromolecular scale. In particular, the nonequilibrium fluctuations of chemical potential with a time scale comparable to translocation time will be important, and indeed induce a resonant activation to the translocation dynamics as we shall see.
The nonequilibrium fluctuations of force or potential in the translational diffusive processes have been studied extensively in the context of motor proteins during the last few years [Astumian & Bier, 1994] . The most important implication is that the mean first passage time can have a minimum value at a certain fluctuation rate of force or potential [Doering & Gadoua, 1992; Bier & Astumian, 1993; Pechukas & Hänggi, 1994] . In the presence of periodic ratchet potential, even the direction of current can be modulated by varying the deterministic driving amplitude and frequency [Bartussek et al., 1994] or the fluctuation time scale of potential itself [Bier, 1996] .
To simplify the calculation with a focus on the effect of fluctuations in ∆µ, only the rigid chain translocation is considered without loss of general features of our model. Then Eq. (2) corresponds to the one-dimensional translational diffusion of a Brownian particle under a force f (n, t)= −∆µ(t)/b. The fluctuation of ∆µ is taken as dichotomic random process with flipping rate ν,a n d the allowed values are defined by
or equivalently,
where q * ≡ Nq/k B T. With this dichotomic random force, the Fokker-Planck equation for P (n, t), the joint probability density of n(t)=nand ∆µ(t)= ∆ µ q at time t, is given by [van Kampen, 1992] d dt
where is the Fokker-Planck operators for n(t) when ∆µ(t)= ∆µ q,
From the backward equation of Eq. (15), the MFPT T (n 0 , ), starting from n(t =0 )=n 0 and ∆µ(t = 0) = ∆µ q, as a function of µ * , q * and ν is obtained using the BCs,
Despite a controversy over the proper reflecting BC [Balakrishnan et al., 1988] , in our study of fluctuation effects on translocation we adopt the usual BC Eq. (17) used in recent studies of similar problems [Doering & Gadoua, 1992; Bier & Astumian, 1993] . The result shows a resonant activation that the MFPT exhibits local minimum at a certain value of ν which has the order of magnitude (L 2 /2D) − 1 . We can see from this result that the nonequilibrium fluctuation of ∆µ can speed up or retard the polymer translocation depending upon the flipping rate ν. If we define the resonant MFPT (RMFPT) as the minimum of MFPT that occurs at an optimal value of ν , it does decrease as the fluctuation amplitude q * increases. For µ * =0a n d µ * = 10, the RMFPT was shown as a function of q * in Fig. 3 . If q * is less than 1, the chemical potential fluctuation does not affect the RMFPT significantly, just as constant chemical potential difference affects MFPT little when |µ * | < 1. It implies that the resonant activation occurs weakly for this small value of q * . In the range of large q values, however, resonant activation occurs with significantly reduced RMFPT. The fact that RMFPTs have same order of magnitudes for all cases in which q * > µ * irrespective of µ * is also remarkable. When q * > µ * , the fluctuation washes away the effects of µ * and the RMFPTs are determined mainly by the fluctuation amplitude q * . A striking result is that for a long-chain polymer the RMFPT is very sensitive to the fluctuations of chemical potential difference even with a minute amplitude. In the case of µ * = 0, for example, the RMFPT τ R is reduced as τ R ≃ 0.1τ 0 ,w h e n q * = 100, i.e. q = 100k B T/N ≪ k B T,am i n u t e fluctuation amplitude for a long chain (N ≫ 100). If there exists BR mechanism with large M ,the RMFPT can be identified with
where τ R,δ is the RMFPT for the diffusion over the distance δ. In the previous section, we have pointed out that for large M such that M>| µ * |the ratchet suppresses the constant chemical potential difference. When ∆µ is fluctuating, the BR mechanism suppresses µ * and q * as well, provided M> µ * and M>q * . Whether the ∆µ is fluctuating or not, the ratchets effectively reduce the free energy barrier of the polymer translocation in our model. With M ratchets, the barrier height due to ∆µ is reduced to N ∆µ/M from N ∆µ,w h i c hi st h er e ason why the BRs suppress the chemical potential effects.
Summary and Conclusion
We have investigated the effects of constant and dichotomically fluctuating chemical potential differences on the polymer translocation. As expected, fluctuating chemical potential difference gives rise to resonant activation phenomena for the polymer translocation. The RMFPT exhibits extreme sensitivity to the nonequilibrium fluctuations of chemical potential or external driving force, as much as the MFPT does to the constant values of chemical potential difference. These sensitivities are originated from the cooperative nature of the long-chain polymer itself, which is absent in all the previous studies of ratcheting single Brownian particles [Doering & Gadoua, 1992; Bier & Astumian, 1993; Astumian & Bier, 1994] . Also the BR mechanism is studied along with the chemical potential fluctuations. The BR mechanism is found to suppress the chemical potential difference whether it is fluctuating or not, if there are sufficiently many chaperone binding sites [Sung & Park, 1996] .
